In the burgeoning field of Plasmodium gene expression, there are-to borrow some famous words from a former U.S. Secretary of Defense-"known knowns, known unknowns, and unknown unknowns." This is in itself an important achievement, since it is only in the past decade that facts have begun to move from the third category into the first. Nevertheless, much remains in the middle ground of known or suspected "unknowns." It is clear that the malaria parasite controls vital virulence processes such as host cell invasion and cytoadherence at least partly via epigenetic mechanisms, so a proper understanding of epigenetic transcriptional control in this organism should have great clinical relevance. Plasmodium, however, is an obligate intracellular parasite: it operates not in a vacuum but rather in the complicated context of its metazoan hosts. Therefore, as valuable data about the parasite's basic epigenetic machinery begin to emerge, it becomes increasingly important to relate in vitro studies to the situation in vivo. This review will focus upon the challenge of understanding Plasmodium epigenetics in an integrated manner, in the human and insect hosts as well as the petri dish.
The malaria parasite has a complicated life cycle involving several functionally distinct forms living in two very different host species. It must be able to perform rapid transitions between morphological states and also long-term antigenic variation to sustain chronic infections in human hosts. To achieve all this, the parasite employs various types of regulation, including transcriptional and posttranscriptional regulation of gene expression, translational repression, and posttranslational protein modification. While several of these regulatory modes are suited to respond rapidly to host conditions during an acute infection or a life cycle transition, only the epigenetic control of gene expression can then maintain that "imprinted" pattern in later generations. (The term "epigenetic" will be used here to refer to the heritable marking of genetic material without alterations in the actual genetic code.) Epigenetic mechanisms of transcriptional control are thus likely to act in at least three major areas of Plasmodium biology.
The first area is the cascade of changing gene expression which occurs during asexual replication in the human bloodstream. This is the most studied stage of the life cycle and the one which causes all the clinical symptoms of malaria. Plasmodium falciparum, the main Plasmodium species responsible for human mortality, has an unusual, formulaic mode of gene expression during its 48-h developmental process inside the erythrocyte, implying tight and integrated genome-wide regulation of transcription (13, 62, 65) . It was initially thought that the Plasmodium genus had a striking paucity of classical transcription factors because few could be found in the sequenced genome of P. falciparum (49) , and epigenetics was postulated as an alternative primary mode of transcriptional regulation. More recently, a large family of "ApiAP2" transcription factors has been identified in apicomplexans; this family is related to the AP2 family in plants and may fill the transcription factor "gap" (6, 30, 56, 110) . Nevertheless, epigenetic histone modifications are also known to be involved in the erythrocytic cycle, because treating parasites with drugs which inhibit histone modifiers can disrupt their normal development (15) . It is also notable that one ApiAP2 factor associates with the heterochromatin protein HP1 and another, in Toxoplasma gondii, copurifies with a histone-modifying enzyme, suggesting that the two modes of transcriptional regulation may converge (41, 96) .
The second area in which epigenetics is likely to be important is in controlling sexual and morphological differentiation during the rest of the life cycle. The parasite has distinct hepatocytic as well as erythrocytic forms in the mammalian host; it can form sexually differentiated gametocytes during the blood stage and these gametocytes mate to produce ookinetes and then sporozoites in the mosquito. Transcriptional profiling has demonstrated distinct profiles in all of these stages: the gametocyte (103), ookinete (90) , oocyst sporozoite (59), salivary gland sporozoite (73) , hepatocyte stage (95, 105) , and erythrocyte stage (62) . Additional shifts in gene expression probably occur as the sporozoite migrates through the skin and invades a hepatocyte (102) , after which replication occurs many hundredfold, giving rise to unique metabolic requirements. Likewise, many genes must be up-or downregulated at the abrupt transition to the insect gut with its distinct temperature and metabolic profile. Studies in the rodent malaria species P. berghei have shown that the latter transition is regulated partly by posttranslational repression (72) and partly by a single AP2 transcription factor that activates many genes required for mosquito midgut invasion (110) . It has also been shown that an AP2 factor is involved in sporozoite development (109) and that differentiation into gametocytes may be regulated by another translational repressor, PfPuf2 (36, 78) . These are the only two life cycle transitions for which underlying mechanisms have begun to emerge and it is not yet known whether epigenetic regulation plays a major role in any life cycle transition. However, in the related apicomplexan Toxoplasma gondii, life cycle transitions can be induced by inhibiting conserved histone-modifying enzymes (T. gondii HDAC3 [TgHDAC3] and TgCARM1), suggesting that similar pathways may exist in the malaria parasite (12, 96) .
Finally, epigenetics is centrally involved in the variant expression of gene families which determine virulence processes such as cytoadherence and variant erythrocyte invasion. The best-characterized family of antigen-encoding genes is the "var" family in P. falciparum. This gene family encodes ϳ60 variants of P. falciparum erythrocyte membrane protein 1 (PfEMP1), the main surface adhesin expressed on infected erythrocytes. var genes are generally silenced, with only one or a few being expressed at any one time (16, 32, 40, 43, 76, 79, 80, 100) , and their variant expression is clinically important, being associated with immune evasion and recurring waves of high parasitemia in chronically infected patients (93) . The expressed var gene(s) does not undergo recombination into a defined expression site, as occurs in Trypanosoma brucei, but instead is marked with "activating" histone modifications and probably is located in a special perinuclear site that is permissive for transcription (33, 45, 67) . Furthermore, var gene silencing is relaxed when either of the two class 3 histone deacetylase enzymes or "sirtuins" in the parasite is knocked out (33, 106) . All these findings are classical hallmarks of epigenetic gene control.
A second example of variant expression in P. falciparum is the use of alternative invasion pathways. During the erythrocytic cycle, merozoites can invade new erythrocytes via binding between variantly expressed ligands and specific host receptors (19) , and evidence is beginning to emerge that at least some genes encoding invasion proteins are regulated epigenetically, in a way similar to that for var genes (20, 58) .
WHAT DO WE KNOW ABOUT THE EPIGENETIC MACHINERY IN PLASMODIUM?
Given the apparent importance of epigenetics in Plasmodium, considerable effort has been exerted in recent years to characterize the epigenetic machinery of the parasite. The proteins involved can be divided into "writers" of epigenetic histone marks, "readers" of these marks, and structural chromatin proteins involved in enforcing these marks (98) . The proteins identified thus far in all three classes are analogous to those in model organisms, and they are almost entirely conserved across Plasmodium species as well as in T. gondii. The conservation of epigenetic machinery in this early-diverging phylum speaks to the sustained importance of epigenetic pathways in apicomplexans. It has also proved to be a boon for parasitologists, since epigenetics in model organisms is very well studied and many useful experimental tools have been developed.
The galaxy of histone modifications and histone-modifying proteins found in P. falciparum is the subject of several recent reviews (22, 53, 104) . In brief, histone tails can be acetylated, methylated, and sumoylated as in higher eukaryotes (54, 55, 77) , and the parasite accordingly possesses histone acetylases, deacetylases, methylases, and demethylases, several of which have been characterized (35, 37, 75) .
Recently, data have also begun to emerge about a possible role for noncoding RNA (ncRNA) in Plasmodium genome regulation. In higher eukaryotes ncRNAs have well-established roles in the establishment of heterochromatin via RNA interference (RNAi) proteins, but this is a controversial subject for Plasmodium, since the genus does not possess a functional RNAi system (11) . Nevertheless, long ncRNAs have been found associated with P. falciparum centromeres (64) , and a genome-wide survey revealed both sense and antisense transcripts derived from telomeres and telomere-associated repeats (TAREs). These ncRNAs may be involved in telomeric silencing even in the absence of RNAi, perhaps by stalling polymerases or forming RNA duplexes which prevent translation or cause retention in the nucleus (89) . The same study detected a plethora of antisense RNAs from subtelomeric var genes and these have been reported to associate physically with var-carrying chromatin. However, there is no evidence that antisense transcription actually correlates with var gene silencing (34, 91) . Much remains to be discovered in this area but it does seem likely that Plasmodium somehow employs ncRNAs as well as histone modifications to enforce epigenetic silencing.
WHAT EXPERIMENTAL TOOLS HAVE BEEN USED TO STUDY PLASMODIUM EPIGENETICS?
The present literature on Plasmodium epigenetics derives largely from experiments carried out with P. falciparum, with supporting data from T. gondii. These two species are uniquely amenable to molecular study because both can be grown in human cell culture, whereas most other species of Plasmodium cannot. The experimental methods used fall into three main categories: drug studies, genetic manipulations of histonemodifying enzymes, and studies profiling chromatin states and gene expression, in either a directed or a genome-wide manner.
Drug studies. Blood-stage Plasmodium can be killed with many drugs which inhibit histone-modifying enzymes. These include the histone acetylase inhibitors curcumin and anacardic acid (23, 24) , the sirtuin inhibitor nicotinamide (88) , and a multitude of known and novel inhibitors of type 1 and type 2 histone deacetylases (1, 2, 4, 28, 70, 83) . These results suggest that histone modification is crucial for normal parasite development, and deacetylase inhibitors are therefore under investigation as antimalarial drugs (3) . For functional studies, however, drug treatment tends to be a "blunt instrument" because a drug may affect several different enzyme classes and parasites may be killed by off-target effects. For example, both the P. falciparum sirtuins can be knocked out genetically, so nicotinamide may not actually kill parasites via sirtuin inhibition unless the two enzymes are highly functionally redundant. When establishing whether a particular drug actually does kill via disrupted histone modification, it is clearly important to identify the genes affected, and in this regard, recent microarray studies using either anacardic acid or apicidin (a histone deacetylase inhibitor) revealed profoundly deregulated transcription across the genome and throughout the developmental cycle, demonstrating that histone acetylases and deacetylases act very widely (15, 24) .
Studies of histone-modifying enzymes. A more targeted approach than a drug study is to make genetic knockouts of particular histone modifiers or to characterize recombinant versions of these enzymes. Both P. falciparum sirtuins have been knocked out, affecting very specific, partially overlapping sets of subtelomeric, variantly expressed genes (33, 106) . Therefore, in contrast to the type 1 and 2 histone deacetylases, the sirtuins have strikingly restricted genomic targets; in fact, these knockouts may be possible only because antigenic variation is dispensable in vitro. One sirtuin, Sir2a, as well as the GCN5 acetyltransferase and the PRMT1 arginine methyltransferase have been expressed in vitro and shown to be active enzymes (35, 37, 46, 75) , but the repertoire of histone modifiers in the Plasmodium genome is large, so many enzymes remain to be characterized.
Studies of epigenetic marks. The third branch of research in this field is the analysis of epigenetic readouts: the state of chromatin as assessed by chromatin immunoprecipitation (ChIP) and the levels of gene expression as measured by reverse transcription-PCR (RT-PCR) or microarray analysis. Targeted ChIP studies have shown that "activating" and "silencing" histone marks correlate with patterns of gene expression in several virulence gene families of interest, including the var genes and certain invasion-related genes (17, 44, 58, 67) . Several "ChIP on chip" studies have also been published recently, expanding our picture of chromatin modification in P. falciparum by analyzing ChIP results on whole-genome microarrays. In the first of these studies, the presence of the acetylase GCN5 and an activating histone mark, histone 3 lysine 9 acetylation (H3K9ac), was found to correlate with gene transcription, albeit weakly (25) . A similar but stronger association has also been observed in T. gondii (51) . Two subsequent studies found that by contrast, the silencing histone mark histone 3 lysine 9 trimethylation (H3K9me3) is tightly restricted to subtelomeric regions carrying variant gene families, whose members are indeed mostly silenced at any one time (68, 99) . The distribution of this mark was disrupted when Sir2a was knocked out, but only within the var and rif families, upon which this sirtuin has been shown to have a transcriptional effect. Thus, certain histone marks correlate well with patterns of gene expression and have actually been proposed as tools for predicting the locations of genes (in the case of H3K9ac) or the identity of variant gene families (in the case of H3K9me3).
Analyses of physical chromatin characteristics, including nucleosomal occupancy (87, 108) and the distribution of heterochromatin protein 1 (HP1) (42, 84) , have also been made. Nucleosomal occupancy is highest around telomeres and lowest in housekeeping genes but it is not more generally correlated with levels of transcription throughout the genome. P. falciparum HP1, meanwhile, appears to be a constituent of heterochromatin, just as it is in model organisms: it binds to H3K9me3 and is tightly associated with subtelomeric gene families, although in contrast to the case in other organisms, neither HP1 nor H3K9me3 are found at centromeres, suggesting that these may have a somewhat unusual structure in P. falciparum. Overall, genome-wide studies of epigenetic markers are clearly valuable in providing a comprehensive picture of the genome, measuring the extent to which features can be generalized, and defining the extent and nature of variant gene families. Such studies must, however, be followed up experimentally to establish direct links between epigenotypes and phenotypes, as has been done for the var genes. Even in this well-studied example, much still remains to be discovered about the mechanisms which actually link epigenetic marks to gene expression and to antigenic switching.
WHAT ASPECTS OF PLASMODIUM EPIGENETICS MIGHT WE BE MISSING?
Parasite diversity. Our present understanding of Plasmodium epigenetics has a very limited scope in terms of parasite diversity, both genetic and life cycle related. For practical reasons, research has been carried out almost exclusively on a few long-term-cultured strains of the erythrocytic stage of P. falciparum. This single model may be quite sufficient for studying basic mechanisms due to the apparent conservation of the epigenetic machinery across apicomplexa, but laboratory strains of P. falciparum are only poorly representative of the tremendous diversity of field strains, particularly in their variant gene families (10) . Diversity of variant genes can certainly alter the effectiveness of the epigenetically regulated virulence processes in which these genes are expressed, but it has not been established whether and how genomic diversity might affect the underlying epigenetic mechanisms themselves. Most chromatin-modifying enzymes are well conserved among all sequenced genomes, but the duplication of at least one putative histone deacetylase has been observed (92) . A recent study which used genomic microarrays to explore the extent of genomic and transcriptional variation in P. falciparum further suggested that genome diversity can have a significant impact on epigenetic processes. Recent field isolates were compared with a reference lab strain via both DNA and RNA microarrays, detecting very widespread amplifications and deletions in the field strains, together with altered patterns of gene expression during blood-stage development. Gene expression was often affected even outside the amplified or deleted regions, and this was proposed to represent an epigenetic "position effect," although this remains to be proven mechanistically (69) .
Disparate life cycle stages. Furthermore, the well-studied erythrocytic stage is only one part of a complicated life cycle. It is, of course, the stage that causes human disease and undergoes antigenic variation and immune evasion, so its importance cannot be underestimated. Nevertheless, significant epigenetic pathways may operate in other life cycle stages which are important for malaria transmission, if not pathogenesis. It remains technically difficult to study the liver and insect stages of Plasmodium, because very limited amounts of parasite material can be obtained from hepatocyte cultures or dissected from mosquitoes. Nevertheless, as referenced above, transcriptional profiling has revealed distinct expression profiles in all life cycle stages, emphasizing the urgent need for functional studies of the underlying mechanisms. As yet, most of the transcription factors and all of the possible epigenetic factors which might control life cycle transitions remain to be characterized.
In vivo conditions. A third issue that limits our present understanding of Plasmodium epigenetics is the nature of in vitro culture conditions. P. falciparum is grown in defined, energyrich media representing only a small window of probable conditions in human bloodstreams (63) . Furthermore, parasites are generally cultured in healthy O ϩ erythrocytes, another intentionally limited condition. Within these constraints, experimental manipulations can be carried out to mimic defined in vivo conditions, such as panning for the cytoadhesion of infected cells to particular receptors (97) or enzyme treating naïve cells to alter the availability of invasion ligands (21) . Both these procedures lead to changes in the epigenetic environment of the parasites which survive them, thus yielding important data (58, 67) . However, other forms of diversity which have yet to be replicated in vitro almost certainly exist in the human and insect hosts and these may affect gene expression in complicated and clinically important ways.
The in vivo stimuli which a parasite does not normally encounter in laboratory culture can be divided into physical effects (host erythrocyte polymorphisms that may affect merozoite invasion, immune pressure via antibody binding, and contact with the spleen), metabolic effects (fluctuations in diffusible molecules such nutrients, pH, and oxygen tension), and finally, temperature fluctuations within the human host and between insects and humans (Fig. 1) . There is evidence that all these factors can alter parasites epigenetically, which might be expected because responding to adverse conditions such as fever or starvation could benefit the parasite. For example, in a febrile patient, parasite cytoadherence could be altered or sexual differentiation initiated to boost the chance of transmission.
Regarding the response to temperature, applying a heat shock to cultured P. falciparum alters the expression of many genes, including sexual-stage-specific rRNAs (38) and genes that are known to be subject to or involved in epigenetic regulation, such as var genes and the genes for histones, the histone deacetylase Sir2a, and a putative SWI2/SNF2 chromatin remodeler (82) . The genes that are upregulated via heat shock are heavily biased toward subtelomeric regions, and epigenetic regulation is a common feature of these regions in Plasmodium as well as other organisms (68, 74) . There is conflicting evidence as to whether heat shock actually alters the expression of PfEMP1 adhesins on the infected cell surface as a result of altered var transcription, but nevertheless an epigenetic response clearly occurs, at least at the transcriptional level (82, 107) . Similarly, reducing the glucose concentration in culture media as a crude mimic of starvation affects the transcription of many genes, including sexual-stage rRNAs, var genes, and Sir2a genes (39) .
With regard to immune pressure and host erythrocyte polymorphism, there is solid evidence that these can select for gene expression variants which are able to survive in the bloodstream: first, variants expressing PfEMP1s to which the host is not yet immune (57) and second, variants expressing invasion ligands suitable for the erythrocytes of a given host (71) . What is not so clear is whether the parasite actually modulates the expression of var genes or invasion ligands epigenetically in response to immune pressure or whether expression simply varies stochastically, allowing immune selection to operate upon the results. In the P. knowlesi/rhesus macaque model, it has been reported that the immune status of the host and the presence or absence of a spleen actively influences the expression of the surface antigen "sicavar" (7-9), but no plausible mechanism has yet been proposed. The spleen of the squirrel monkey was likewise demonstrated to influence P. falciparum cytoadherence and antigenic variation (29) , although this could be by passive selection. The squirrel monkey is a nonnatural host for P. falciparum, and the clinical relevance of this result is unclear, since splenectomized humans do not necessarily suffer from severe or abnormal presentations of falciparum malaria (66) despite anecdotal evidence of altered surface adhesin expression in such patients (5) .
Conceptually, however, the parasite could certainly benefit from evolving a transcriptional response(s) to host immunity. For example, different PfEMP1 proteins adhere to different host endothelial ligands and are differently associated with severe malaria (60, 94) , so modulating var gene expression to alter the strength or pattern of cytoadherence might help the parasite to avoid either killing or being killed. It is impossible to properly investigate epigenetic responses to the human immune system in vitro, but since var gene expression patterns in vitro do not represent those in vivo, host conditions probably do play a role in controlling var expression. Specifically, long- term-cultured strains of P. falciparum express chromosomecentral var genes almost exclusively and very stably (43, 76) , whereas patient isolates often express the telomere-proximal "UpsA" var genes (57) and also appear to switch between variants much more readily (50, 85) . Again, the underlying mechanisms remain to be discovered, but genetic changes in laboratory strains do not seem to be entirely responsible, implicating epigenetic changes. One attractive candidate for a signaling molecule that might relay information from cell surface receptors into the parasite is the family of FIKK kinases. FIKK kinases have an unusual structure and no known function, but the family is greatly expanded in P. falciparum compared to other Plasmodium species and some members are exported to the erythrocyte cytoplasm, placing them appropriately to perform host-parasite signaling (81, 101) . Overall, the in vitro experiments described above offer some valuable leads on how Plasmodium might respond epigenetically to changing host conditions, although the real situation will, of course, be more multifactorial. Just how flexible the intraerythrocytic transcriptional "cascade" actually is remains controversial, since some studies have reported a very "hardwired" transcriptional pattern: there is almost no transcriptional response when cultured parasites are treated with lethal antifolate drugs, for example (48) . However, P. falciparum may well have evolved to modify its transcriptional program only in response to specific in vivo stimuli (not including the evolutionarily recent phenomenon of drug treatment). One genome-wide study of expression profiles in direct patient isolates certainly suggested that transcriptional flexibility does exist in a "real world" situation: three distinct groups of patient isolates were collected, each characterized by a widely different expression profile, two of which have not yet been replicated in vitro (27) .
HOW CAN ANIMAL MODELS BE USED TO ADVANCE THE FIELD?
Epigenetic responses to host-parasite interactions remain underexplored and cannot be properly addressed using in vitro culture. It is technically and ethically difficult to study many of these questions in human patients because immune or metabolic manipulations of the host are generally not possible, infections cannot be followed over time without providing curative treatment, and in vitro conditions may interfere with the real patterns of in vivo gene expression once parasites are removed from the host. Epigenetic chromatin states are, by their nature, subject to rewriting, so even short-term culturing of patient isolates may yield results which are difficult to interpret. For example, a rare volunteer study of a laboratory strain of P. falciparum passed through a human showed that var gene expression profiles changed within days of the transfer from the bloodstream to in vitro culture (86) . Thus, only snapshots of host conditions and parasite responses can usually be obtained from human subjects.
Experiments with mice and monkeys have gone some way toward filling this gap in our knowledge, although caution is always advisable when extrapolating from animal models to humans. Aotus and saimiri monkeys can both be infected, as nonnatural hosts, with P. falciparum (reviewed in references 18 and 52); these monkeys are used primarily in vaccine research, but studies of antigenic variation and cytoadherence have also been made. The rhesus macaque infected with P. knowlesi is a somewhat more accessible model and this system provided the first-ever data on clonal expression, silencing, and switching of variant antigens in vivo (reviewed in reference 47). The P. knowlesi sicavar antigen is not strictly analogous to PfEMP1, but it seems to undergo antigenic variation in a similar way (14) , so it should be possible to study any epigenetic pathways regulating sicavar expression over the course of an infection and in response to altered host metabolic conditions. As an added advantage, P. knowlesi can be cultured in vitro and genetically modified, so antigenic switch rates could be compared in vitro versus in vivo and the roles of chromatin modifiers in the parasite could potentially be investigated. Whether simian models might also be helpful in the study of variant invasion pathways or other areas of epigenetic transcriptional control has yet to be explored, perhaps because very few researchers have access to such models.
Rodent species of Plasmodium grown in mice, i.e., P. berghei, P. chabaudi, and P. yoelli, have the great advantage of easy availability, and P. berghei, like P. knowlesi, is genetically tractable. The mouse offers a complete immune system as a context for infection, as well as the potential for both metabolic and genetic manipulation of the host. Furthermore, an entire insect-to-mammalian life cycle can be completed relatively easily with P. berghei, opening up the investigation of epigenetics in stages other than the erythrocyte stage. It is important to note, however, that none of the rodent parasites entirely resembles the human parasite P. falciparum. Although they have a comparable life cycle and intraerythrocytic developmental cycle, these species lack well-characterized surface-expressed adhesins and are not known to sequester in the microvasculature or to undergo antigenic variation or variant erythrocyte invasion. A large family of variantly expressed genes called "PIR" does exist in all Plasmodium species, but its function is unknown and its expression pattern in most species is not completely characterized (26) .
Nevertheless, the mouse model does have great potential for use in studying epigenetic responses to host conditions. An elegant example of the use of a mouse model to demonstrate how a parasite can respond epigenetically to its host in vivo was recently published, with the parasite in this case being the fungus Candida glabrata (31) . C. glabrata is an NAD ϩ auxotroph which senses external nicotinic acid levels and responds via the NAD ϩ -dependent histone deacetylase Sir2. Surface adhesins, which are regulated epigenetically by Sir2, are expressed only when nicotinic acid, and therefore NAD ϩ , is limited. Since nicotinic acid levels are high in the bloodstream but low in the urinary tract of the mouse, C. glabrata expresses adhesins only in the urinary tract, where they facilitate colonization. Feeding mice excess nicotinic acid which is excreted in the urine reverses this phenotype, thus confirming a functional relationship. Comparable experiments have not yet been carried out with Plasmodium, but feeding a histone deacetylase inhibitor to infected mice can cure them of P. berghei, an ambiguous result which nevertheless suggests that there is potential for functional epigenetic studies in the mouse model (1).
WHAT CAN BE GAINED FROM STUDYING P. FALCIPARUM IN HUMANS?
Finally, within ethical and practical limits, much work remains to be done in studying the epigenetic responses of P. falciparum to its human host. Although experimental manipulations may not be possible, associative studies comparing the transcriptional profiles and chromatin states of direct patient isolates with human factors such as metabolic and immune status, fever, and blood polymorphisms can be done. Such studies are vital to test in vitro findings for their in vivo relevance; disparities are likely to arise and should be rigorously examined to avoid making erroneous inferences from in vitro work. One such example, as previously discussed, is the apparent disparity between antigenic switch rates in vitro and rates calculated (albeit from limited evidence) in vivo.
A few important studies relating human factors to var gene expression have been published, this being one phenomenon that is well characterized as epigenetically regulated in vitro. The immune status of the host influences the type of var gene expressed, whether actively by host-parasite signaling or passively by immune selection, since naïve and semi-immune hosts favor parasites expressing telomere-proximal or "UpsA-type" var genes, while functionally immune adults favor chromosome-internal or "UpsC" types (57) . var gene expression is presently one of the few examples which has been studied extensively in a patient context; however, numerous metabolic and immune factors have been correlated more generally with malaria infection and/or severity of disease, so additional patterns of host-responsive gene expression which may affect virulence probably remain undiscovered (reviewed in reference 63).
This last point highlights the importance of taking systems biology approaches to parasite gene expression both in vitro and in vivo. Only one study has thus far described the genomewide transcriptional profiles of patient isolates of P. falciparum together with human metabolic factors, and this is certainly a costly and technically difficult approach (27) . Three different transcriptional profiles were found, and these were interpreted as indicating a starvation response (a metabolic shift to oxidative respiration), a stress response, or growth in in vitro-like conditions. The stress response profile was correlated with markers of fever and inflammation, but considering the breadth of this study, it is perhaps surprising that more human factors did not emerge as correlates of parasite gene expression. Importantly, this study excluded the most highly polymorphic gene families such as var, since it is very difficult to study polymorphic gene families comprehensively in patient isolates using a single microarray. Furthermore, controversy has arisen regarding the interpretation of the results of this study (61) . Replication in other cohorts and also with other experimental approaches may therefore be required to establish whether P. falciparum genuinely is refractory to changes in host conditions or whether the causative changes have been missed.
In conclusion, a combination of genome-wide and targeted transcriptional studies using both humans and animals will be necessary in the future to fully evaluate the in vivo relevance of our growing knowledge of Plasmodium epigenetics. Genomewide studies should provide a picture of the overall transcriptional landscape under various host conditions, while targeted studies of particular genes or gene families should establish in detail how epigenetic mechanisms can influence parasite virulence. One of the greatest challenges may be integrating this picture with our expanding knowledge of parasite diversity from large-scale sequencing projects. This will, however, be vitally important if we are to understand Plasmodium epigenetics in the real world as well as in the laboratory.
